ABSTRACT A deep-sea linear ultrasonic motor, which takes in-plane expansion mode as the working mode, is proposed in this paper. Its main structure is rectangular metal plate with four piezoelectric ceramics. First, suitable structural parameters of the ultrasonic motor are obtained by finite-element simulation. Then, the influences of static seal and the pressures of water on the performance of the ultrasonic motor are studied. Simulation result shows that the static seal slightly degrades the resonant frequency of the ultrasonic motor and vibration amplitude of the driving foot, and the pressures of water almost have no effect on resonant frequency, but it reduces the performance of the ultrasonic motor. Finally, we design and manufacture the prototype, whose velocity is measured at 214 mm/s while the water pressure is 8 MPa and the voltage signal with a frequency of 72 kHz and a voltage magnitude of 200 V. The experimental indicates that simulation results are consistent with experimental results. We verify the feasibility of the ultrasonic motor working in the deep-sea environment.
I. INTRODUCTION
Ultrasonic motor is a kind of non-traditional actuator which has the advantages of simple structures, high power with small weight, high precision locating and self -locking by frictional [1] - [7] . It works based on the inverse piezoelectric effect of the piezoelectric ceramics and the frictional coupling of the interface. Ultrasonic motors can work normally by elliptical movements or oblique movements of driving feet and the frictional coupling of the interface [8] - [15] . Those movements are formed by the resonant vibrations of ultrasonic motor, which are generated by the inverse piezoelectric effects of the piezoelectric ceramics [10] , [13] , [16] - [19] . In the view of the waveform, ultrasonic motors can be classified into two types: standing wave type and travelling wave type. In the view of vibration mode, standing wave type ultrasonic motors can be classified into longitudinal vibrations type, bending vibrations type, in-plane expansion vibration type [16] , [20] - [23] . At present, ultrasonic motors have been successfully applied to some industrial applications of medical, automation, spaceflight, etc [24] .
There are many minerals, oil, gas resources and plenty of deep-sea biological species to be explored in the deep sea.
In the deep sea, the driving actuator needs to withstand the ordeal of the harsh deep-sea environment. Problems such as motive seal, pressure balancing and reliability may exist when traditional motors are used in the deep sea [25] , [26] . Motive seal problem is solved by pressure compensation scheme, but this method is unstable [27] . However, ultrasonic motors, which are composed by piezoelectric ceramic and metal structure, can withstand great pressure. In addition, ultrasonic motors can work without coils and magnets, which can greatly simplify the structures [28] - [30] . Thus, we designed an ultrasonic motor that can directly work in the deep-sea environment to solve some problems like motive seal and pressure balancing easily.
In this work, we design a deep-sea resonant linear ultrasonic motor and manufacture the structure corresponding prototype. The structure parameters of the ultrasonic motor are determined by using the finite element analysis. Further the influences of water and static seal on resonant frequency of the ultrasonic motor and amplitude of node on the driving foot are analyzed by the finite element analysis, Next, the experiment platform is constructed to test the performance of prototype. Finally, the experimental data show that experimental results are consistent with the simulation results. Thus, it can be recognized that ultrasonic motors can directly work in the deep-sea environment.
II. STRUCTURE AND PRINCIPLE OF THE MOTOR
Ultrasonic motors have satisfying performances in normal environment, but many factors such as added mass of water, pressure of water and static seal make differences in the performances of ultrasonic motors working in deepsea environment. Ultrasonic motors with different vibration modes and configuration are affected differently by deepsea environment [31] . An ultrasonic motor with specific configuration which is slightly affected by the deep-sea environment is studied in this work. This configuration, which is presented by Oleksiy Vyshnevskyy, has a simple structure. This configuration make use of a single in-plane expansion vibration called asymmetrical E (3,1) vibration [23] . The single in-plane expansion vibration mode has two advantages: It doesn't have to adjust parameters to complete vibration frequency degeneration; it gets small influence by deep-sea environments.
The stator of the ultrasonic motor is symmetrical about the xoy and yoz as show in Fig.1 (a) . It is composed of the aluminum plate whose length is twice as long as its width and four rectangular piezoelectric ceramics. The thick of aluminum plate is 3 mm, and the thick of the piezoelectric ceramics is 1 mm. The driving foot, which is a triangle plate metal, is placed in the middle of longer side. Four piezoelectric ceramics whose polarization directions in each group are opposite are divided into two groups. As show in Fig.1 (b) , A phase voltage is applied to one group of the ceramics, and B phase voltage is applied to the other group. The asymmetric E (3,1) vibration mode is excited by switching on A phase voltage and switching off B phase voltage. The motion of opposite direction can be got by switching off A phase voltage and switching on B phase voltage.
Ultrasonic motors generate movements by elliptical movements or oblique movements of the driving feet and the frictional coupling of the interface. The ultrasonic motor studied in this work adopts the in-plane expansion vibration mode which is the asymmetrical E (3,1) vibration mode of the rectangular plate to generate oblique movements of the driving foot, as shown in Fig.2 . Fig.3 shows that the motion of the driving foot of ultrasonic motor is divided into four stages: When t = 0, the stator is in x state and the driving foot is at the equilibrium position; When t = T /4, the stator is in y state and generates the expansion deformation. The driving foot is in position of the biggest expansion deformation; When t = T/2, the stator is in z state and the driving foot returns to the equilibrium position. When t = 3T/4, the stator is in { state and generates the contraction deformation. The driving foot is in position of the biggest contraction deformation; When t = T, the stator returns to state x. It can be observed that the oblique movement to contribute to the movement of ultrasonic motor is got.
III. MOTOR ANALYSIS BY FEM
The motor analyses mainly include the modal analysis and the transient analysis. In the modal analysis, the specific vibration mode and the resonant frequency need to be found. In the transient analysis, the movement of the node of the driving foot can be obtained to judge the feasibility of the ultrasonic motor. Firstly, the basic parameters of the stator are preliminarily determined as shown in the table 1. Next, the base line of the triangular driving foot (b) and the angle of the triangle (θ) are determined by the finite element analysis. Then, the influence of static seal and water on the ultrasonic motor are studied. Finally, the simulation result of the ultrasonic motor is got to manufacture prototype.
A. DETERMINING THE STRUCTURE PARAMETERS
The simple variable method is used to determine the parameters of driving foot. Finite element models are built according to different driving foot lengths which are adjusted from 4 mm to 12 mm. The driving foot angle of the finite element models is 60 • . The maximum amplitude of node on the driving foot in different directions with different driving foot width is got by the finite element analysis as shown in Fig.4 . It should be note that the amplitudes of the X direction and the Y direction increase with the driving foot length increasing from 4mm to 10mm, however the amplitudes of the X direction and the Y direction decreases when the driving foot length exceed 10mm. Therefore, the driving foot length is set as 10mm to get better movement.
When driving foot length is determined, the finite element models are built according to different angles which are adjusted from 40 • to 60 • . The driving foot length of the finite element models is 10mm. The relationship between driving foot angle and maximum amplitude of node on the driving foot is got as shown in Fig.5 . It should be note that the X-axis amplitude of the driving foot increases, however the Y-axis amplitude of the driving foot decreases with increasing of the driving foot angle from 40 • to 60 • . Therefore, the angle of the driving foot is set as 52 • to have best characteristics. Finally, all parameters are determined as shown in table2.
B. MODAL AND TRANSIENT ANALYSIS BEFORE INSULATED ENCAPSULATION
When all structure parameters are determined, we carry out finite element analysis of ultrasonic motor modal without water. In the modal analysis, we find the E (3,1) vibration mode of the modal and its resonant frequency, which is 81.62 kHz. In the transient analysis, the phase voltage with frequency of 81.62 kHz and voltage of 100 V is applied to one group ceramics. As shown in Fig.6 , it should be note that the amplitude of node on the driving foot reaches the state of stable vibrations after a certain amount of time. it can be observed that the x-axis amplitude and the y-axis amplitude is 4.05 µm and 4.1 µm respectively as shown in Fig.6 . The movement of the driving foot is oblique ellipse trajectory which is similar to oblique as shown in Fig.7 , which contributes to the movement of ultrasonic motor. The oblique ellipse trajectory is generated by the different damping of simulation. It can be recognized that this ultrasonic motor can theoretically work in normal environment.
C. MODAL AND TRANSIENT ANALYSIS AFTER INSULATED ENCAPSULATION
This ultrasonic motor, which works in deep-sea environment, requires the static seal to ensure the insulation. Thanks to the characteristics of good resilience and the high mechanical strength, the silicone rubber is chosen as packaging material. The encapsulation modal whose insulation layer thickness is 1mm is built, as shown in Fig.8 . After the static seal, the model and transient analysis should to be carried out again. The resonant frequency of this model is got by the modal analysis, which reduces to 80.69 kHz. In the transient analysis, the corresponding voltage signal with frequency of 80.69 kHz and voltage of 100V is applied to the ceramics. The simulation result shows the amplitude of X-axis and Y-axis reduces to 3.90 µm and 3.9 µm respectively. It can be observed that the static seal has small influence on result of simulation.
D. WET MODAL AND TRANSIENT ANALYSIS AFTER INSULATED ENCAPSULATION
To get the influences of the pressure on the ultrasonic motor, the pre-loaded pressure analysis before the wet modal analysis is carried out. Different pressures from 0 to 20 MPa are added to the surface of model, but we get almost the same resonant frequency with different pressures. When the pressure is 20 MPa, the resonant frequency, which is 82.34 kHz, is slightly higher than the result without pressure. It can be recognized that pressure of water almost has little effect on the resonant frequency. It can be observed that the maximum stress and strain can't break the structure of ultrasonic motor as shown in Fig.9 . After the pre-loaded pressure analysis, the wet modal analysis is conducted. ANSYS does not have the infinite area to simulate sea area, However many researches indicate that the analysis result is exact when water is five times the volume of ultrasonic motor. The simulation model whose volume of water is five-fold volume of ultrasonic motor is built, as shown in Fig.10 . The acoustic element Fluid 220 and Fluid 221 elements are used to imitate water by defining density and sound velocity. The contact surface of actuator and water are defined as fluid solid interface. The nodes on the fluid solid interface have four degrees of freedom: the Pressure, Ux, Uy and Uz. After the modal is built, the asymmetrical method was used to conduct the wet modal analysis of the ultrasonic motor. We also find the E (3,1) vibration mode of the modal and its resonant frequency, which is 74.35 kHz, reduced by 8.93% compared with that of the normal environment.
Transient analysis was accomplished to investigate the vibration trajectories of the driving foot. In the transient analysis, the voltage signal with frequency of 74.35 kHz and voltage of 100 V is applied to one group ceramics. The amplitudes of node on driving foot are got as shown in Fig.11 . It should be note that the amplitude in X direction of the driving foot is 3.08 µm , which reduced by 24.90% compared with that of the normal environment. The Y-axis maximum amplitude of the driving foot is 3.56 µm, which reduced by 12.02% compared with that of the normal environment. The movement of the node on driving foot is an oblique ellipse trajectory which is similar to oblique as shown in Fig.12 . The oblique ellipse trajectory is generated by the different damping of simulation. It can be observed that the ultrasonic motor can theoretically work in the deep-sea environments.
IV. EXPERIMENTS AND MOTOR CHARACTERISTICS
To validate the simulation result, we manufacture the prototype, experimental platform and the deep sea high pressure simulation system. We manufacture the prototype is manufactured by piezoelectric ceramics and the structural body. Four bolts are used to fix the stator of the ultrasonic motor, as shown in the Fig.13 . Next, the scanning laser Doppler vibrometer (PSV-400-M2, Polytec, Germany) is used to measure prototype's vibration mode and the resonant frequency, as shown in Fig.14 and Fig.15 . The test surface is selected as shown in Fig.13 . It should be note that the vibration mode is almost coincident with the simulation result. The resonant frequency was 82.63 kHz, which increased by 0.35% compared with that of simulation result, which can be explained as that the fabrication error contribute on the little difference.
The prototype is placed in the experimental platform, as shown in Fig.16 . Both sides of the prototype are slidable, so that we can control the pre-tightening up force by adjusting the preloaded bolt. When prototype works, the guide rail will run by the frictional force of interface. The velocity of the guide rail is tested to reveal the performance of prototype.
As shown in Fig.17 , the deep sea high pressure simulation system is designed to simulate experimental environment. The Air -hydraulic pressurization system provides a pressure up to 50MPa for the experimental system. Watertight cable can provide the sealed environment and contact measuring VOLUME 6, 2018 FIGURE 18. Impedance curve of the stator in pressured water. instrument and hyperbaric cabin. Magnetic sensor can measure the velocity of guide rail in the low pressure.
After previous measurement, the sealed prototype is placed in the deep sea high pressure simulation system. The measure impedance characteristic of prototype with different water pressure from 0.1 MPa to 20 MPa are measured by the precision impedance analyzer. The impedance curves have high consistency while the water pressure varied from 0.1 MPa to 20 MPa as shown in Fig.18 . It can be recognized that the pressure has little effect on the resonant frequency of ultrasonic motor, which accord with the simulation result well. Thus, ultrasonic motor can be excited with voltage signal of the same frequency and different depth of water.
In the high pressure simulation system, only the velocity of guide rail can be measured, which weight 310 g. The start and close test is conducted to measure velocity and acceleration. The simulation results of underwater and apparatus testing result of prototype show the resonant frequency is similar to 74 kHz. But the actual testing result shows the performance is bested with the frequency of 72 kHz. During the testing, the voltage signal with frequency of 72 kHz and voltage of 200 V was applied on the ultrasonic motor. The prototype can complete the reciprocating movement by adjusting the signaling switch. The velocity and accelerated velocity of guide rail with the different intensity of pressure are shown in table 3. The Velocity-time curve and accelerationtime curve with different intensity of pressure are shown in Fig.19 . It should be note that the motion curve is regular, which verify that ultrasonic motor working in the deep-sea environment still has a good character of start and close. However velocity and acceleration of the prototype decrease with the increase of pressure. There are two reasons for this decrease. On the one hand, the contact condition of stator and rotor changes with the pressure increase, so that the precompression changes. On the other hand, loss of vibration increases with the pressure increase, so that amplitude of driving foot has a decrease.
V. CONCLUSION
In this work, we propose a deep-sea resonant linear ultrasonic motor and make up prototype to verify the simulation result. Experimental results show that the static seal and pressure have little influence on the resonant frequency. However, pressure of the water reduces the performance of ultrasonic motor, factors leading to that are proposed in this paper. It can be observed from the experiment that the velocity of ultrasonic motor is 214 mm/s while the water pressure is 8 MPa and the voltage signal with frequency of 72 kHz and voltage of 200 V. The ultrasonic motor can properly work in the deep-sea environment. It can be verified that deep-sea ultrasonic motor has bright prospects in terms of deep-sea exploitation. 
